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INTRODUCTION 

advantages which suggest i t s  use both as  a supplement t o  and, in some cases 
a subs t i t u t e  f o r  conventional mining combined w i t h  surface gas i f ica t ion .  
These include: 

In-situ gas i f i ca t ion  of coal o f f e r s  a number of s ign i f i can t  potential  

- Utilization of coal reserves w h i c h  cannot be economically recovered 
by conventional techniques 

- Reduction of cap i t a l  expenditures and operating costs - Easier and more economic control of pollution problems 
- Less stringent feed water qua l i t y  requirements 
- Reduction of the health and safe ty  problems associated w i t h  conven- 

tional coal processing techniques 
- Reduction of socioeconomic impact 
In underground gas i f i ca t ion ,  wells a r e  d r i l l e d  i n t o  a coal seam fo r  gas 

in jec t ion  and product recovery and are  linked by means of any of several tech- 
niques including: 
t ional d r i l l i n g ,  and explosive f rac tur ing .  The linking s t ep  f a c i l i t a t e s  move- 
ment o f  product gas from the reaction zone to  the recovery wells. 

Maintenance of a high-permeability l ink  between wells i s  extremely d i f -  
f i c u l t  with Eastern coking coals,  because of their swelJ inga th igh  tempera- 
tures. I n  addition, t ranspor t  of water and reac tan t  gases t h r o u g h  Eastern 
seams i s  more d i f f i c u l t  because of the lower permeability o f  the coal i t s e l f  
in i t s  natural s t a t e .  As a r e s u l t ,  the g rea t e s t  success has been with under- 
ground gas i f ica t ion  of Western subbituminous coals and Texas l i gn i t e s .  

Research Center w i t h  Pit tsburgh seam coal near Pricetown, West Virginia,  b u t  
no complete gas i f i ca t ion  test has y e t  been completed. 
t e s t s  have been completed by the Laramie Energy Research Center a t  Hanna, 
Wyoming, and by Lawrence Livermore Laboratory a t  Hoe Creek, Wyoming. In ad- 
d i t i on ,  Texas U t i l i t i e s  Service Company has conducted f i e l d  t e s t s  in Texas 
l i g n i t e  deposits,  u t i l i z i n g  technology licensed from the  Soviet Union. 

I n  underground coal gas i f ica t ion  ( U C G ) ,  th ree  more-or-less well-defined 
reaction zones can be iden t i f i ed .  
i s  the drying and pyro lys i s  zone, 
the pyrolysis reactions occur. 
driven forward i n t o  the cooler regions of the seam, with a portion being crack- 
ed t o  l i gh te r  hydrocarbons. 
t o  be carried with the product gas stream out of the coal seam. 
behind the pyrolysis zone i s  the  reducing zone or gas i f ica t ion  zone. 
a rea ,  the primary reac t ions  are:  

reverse combustion, hydrofracturing, electro-linking, direc- 

Field studies a re  cur ren t ly  b e i n g  car r ied  out by the  Morgantown Energy 

Several gas i f ica t ion  

The zone nearest  the product recovery well 
in which water i s  driven from the coal and 

Tars produced i n  t h i s  zone a re  continually 

Cracking proceeds unt i l  the t a r s  a re  l i g h t  enough 
Immediately 

In t h i s  
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1 )  C + H20 + H2 + CO 

c + co2 2 2 co 2) 

3)  

4 )  

C + 2H2 -+ CH4 

CO + H20 H2 + C02 

CO + 3H2 2 CH4 + H20 5)  

The water  necessary f o r  r e a c t i o n  1) i s  supp l i ed  e i t h e r  by i n j e c t i o n  o f  steam 
w i t h  t h e  a i r  o r  oxygen o r  by na tu ra l  
if the  coal  seam i s  a n a t u r a l  a q u i f e r  (as i s  t h e  case f o r  many Western coa l  
seams). Behind t h e  g a s i f i c a t i o n  zone i s  t h e  combustion zone, which supp l i es  
t h e  process heat .  Heat i s  t r a n s f e r r e d  from t h e  combustion zone t o  t h e  g a s i f i -  
c a t i o n  zones p r i m a r i l y  b y  convect ion o f  t h e  product  gases, r a t h e r  than by con- 
d u c t i o n  through t h e  s o l i d  char  and coa l .  

I n  exper imenta l  s t u d i e s  a t  Argonne, t h e  k i n e t i c s  o f  t h e  r e a c t i o n s  occur- 
r i n g  i n  the  g a s i f i c a t i o n  zone a r e  being measured. The data f rom these s t u d i e s  
a r e  used i n  mathematical models be ing developed a t  o t h e r  l a b o r a t o r i e s  f o r  each 
o f  t he  f i e l d  p r o j e c t s .  Th i s  paper descr ibes t h e  r e a c t i o n  c h a r a c t e r i s t i c s  o f  
coa ls  f rom t h e  Hanna No. 1 and Wyodak coal  seams f o r  r e a c t i o n s  l), 4),  and 5 ) .  
Data f o r  r e a c t i o n s  2 )  and 3) a r e  n o t  y e t  complete and a r e  n o t  d iscussed here. 

EXPERIMENTAL 

i n t r u s i o n  o f  water  i n t o  t h e  r e a c t i o n  zone 

The k i n e t i c  experiments were c a r r i e d  o u t  i n  a d i f f e r e n t i a l  packed-bed re -  
a c t o r  system capable o f  s i m u l a t i n g  any o f  t h e  o p e r a t i n g  c o n d i t i o n s  expected i n  
underground g a s i f i c a t i o n .  The 
p roduc t  gas from t h e  r e a c t o r  i s  analyzed f o r  H , CO, CH , and CO b y  gas chroma- 
tography. A l l  ope ra t i ng  temperatures, pressur&, and g?s f l ows  Ere moni tored 
and recorded on punched paper tape by means o f  a data l o g g i n g  system. I n  ad- 
d i t i o n ,  t h e  da ta  o u t p u t  f rom the  gas chromatograph i s  recorded on punched tape, 
p e r m i t t i n g  r a p i d  computer process ing o f  t he  l a r g e  amount o f  da ta  produced. 

A schematic o f  t h i s  system i s  shown i n  F i g  1. 

I n  a t y p i c a l  g a s i f i c a t i o n  experiment, t h e  coa l  i s  crushed t o  -4 +12 mesh, 
and a 5 t o  20 g sample i s  p laced i n  t h e  r e a c t o r .  
a t  a hea t ing  r a t e  o f  3"C/min i n  a f l o w  o f  1.0 t 0 2 . 5  l / m i n  20% hydrogen i n  n i -  
trogen. The f i n a l  
p y r o l y s i s  temperature i s  t h a t  a t  which the  g a s i f i c a t i o n  experiment i s  t o  be 
c a r r i e d  out .  When t h e  f i n a l  p y r o l y s i s  temperature i s  reached, the  r e a c t o r  i s  
f l ushed  w i t h  n i t r o g e n  a t  t h e  f i n a l  temperature f o r  approx imate ly  30 min, and 
then steam and/or o t h e r  reac tan ts  a re  in t roduced.  

s ion,  which a r e  then i n t e g r a t e d  over t ime  t o  c a l c u l a t e  the  e x t e n t  of carbon 
conver ison.  Rates and ex ten ts  o f  carbon convers ion a r e  expressed on an ash- 
f r e e  bas is .  Fo l l ow ing  each g a s i f i c a t i o n  experiment t h e  char  res idue  i n  t h e  
r e a c t o r  i s  burned t o  determine the  f i n a l  carbon balance f o r  t h e  experiment. 
Genera l ly ,  carbon balances a r e  near 100%. 

The coa l  i s  t hen  p y r o l y z e d  

System pressure du r ing  p y r o l y s i s  i s  790 kPa (100 p s i g ) .  

The product  gas composi t ion data a r e  conver ted t o  r a t e s  o f  carbon conver- 

109 



RESULTS AND DISCUSSION 

1 .  Steam-Char React ion 

hvdroaen. carbon monoxide, carbon d iox ide ,  methane, and n i t rogen .  
-om underground g a s i f i c a t i o n  c o n s i s t s  p r i m a r i  l y  o f  

Th is  
m'lxtu;e c o n s t i t u t e s  a reducing atmosphere which sweeps through t h e  coa l  
d u r i n g  p y r o l y s i s .  
d u r i n g  p y r o l y s i s  p r i o r  t o  our  study o f  g a s i f i c a t i o n  k i n e t i c s ,  t h e  sweeping 
gas m ix tu re  should c o n t a i n  a l l  o f  these c o n s t i t u e n t s .  

I n  o rde r  t o  o b t a i n  a t r u e  s i m u l a t i o n  o f  these c o n d i t i o n s  

However, t h e  a d d i t i o n  o f  carbon monoxide t o  the  p y r o l y s i s  sweeping gas 
would r e s u l t  i n  t h e  d e p o s i t i o n  o f  carbon, which would be added t o  t h e  char  
i n  the  g a s i f i c a t i o n  r e a c t o r .  Th is  a d d i t i o n a l  carbon would be a product  o f  
t h e  reverse Boudouard r e a c t i o n ,  ca ta l yzed  by t h e  coal  ash and by t h e  metal 
components o f  t h e  r e a c t o r :  

2co 2 c + co2 

Deposited carbon i s  n o t  q u a n t i t a t i v e l y  determinable and must be e l i m i -  
nated o r  made n e g l i g i b l e  i n  o r d e r  t o  o b t a i n  a carbon balance. Therefore, our  
p y r o l y s i s  reac t i ons  have been c a r r i e d  o u t  i n  a reducing atmosphere c o n s i s t i n g  
o f  o n l y  hydrogen and n i t r o g e n .  Our experiments i n d i c a t e  t h a t  f o r  Wyodak coa l ,  
p y r o l y s i s  i n  a reduc ing  atmosphere (20% H2, balance Nz) r e s u l t s  i n  recovery o f  
approx imate ly  t e n  pe rcen t  l e s s  char  f o l l o w i n g  p y r o l y s i s  than  when pure n i t r o g e n  
i s  used as t h e  sweeping gas. However, t h e  r e a c t i v i t y  o f  t h e  char  produced i n  
hydrogen and n i t r o g e n  i s  t he  same as t h a t  f o r  char  produced i n  pure n i t r o g e n .  

The r a t e  o f  r e a c t i o n  o f  steam w i t h  chars prepared from Wyodak coa l  has 
been measured i n  t h e  temperature range, 600-775"C, w i t h  a p a r t i a l  pressure o f  
steam o f  0.25-0.26 MPa (2.5-2.6 atm), and a t o t a l  pressure o f  approx imate ly  
0.9 MPa (0 atm). These r a t e s  a r e  p l o t t e d  as a f u n c t i o n  o f  r e c i p r o c a l  temper- 
a t u r e  (Arrhenius p l o t )  f o r  Wyodak coa l  i n  F i g .  2. A t  each temperature, t h e  
r e a c t i o n  r a t e s  f o l l o w i n g  g a s i f i c a t i o n  o f  10% o f  t he  carbon and a l s o  f o l l o w i n g  
g a s i f i c a t i o n  of 50% o f  t h e  carbon a r e  shown. The r a t e  a t  10% carbon convers ion 
corresponds t o  t h e  r a t e  f o r  f r e s h  char ;  t h e  r a t e  a t  50% convers ion corresponds 
t o  t h a t  f o r  t h e  more r e f r a c t o r y  r e s i d u a l  char .  

The apparent a c t i v a t i o n  energ ies (E,) c a l c u l a t e d  from F ig .  2 a r e  summarized 
i n  Table 1. 
much g rea te r  a t  10% convers ion  than a t  50% conversion, which i s  c o n s i s t e n t  wi th 
t h e  expec ta t i on  t h a t  m ic ropore  d i f f u s i o n  i s  a l i m i t i n g  f a c t o r  f o r  t h e  steam-char 
r e a c t i o n  under c o n d i t i o n s  expected i n  an underground g a s i f i e r .  
pe rcen t  o f  t h e  carbon has been g a s i f i e d ,  t h e  micropore s t r u c t u r e  has opened some- 
what, r e s u l t i n g  i n  t h e  h i g h e r  va lues f o r  Ea a t  50% conversion. 

The decrease i n  Ea as a r e s u l t  o f  i nc reas ing  t h e  temperatures i s  

By t h e  t ime 50 

I 
It 
I 
I: 

1' 
I: 
I 
IE 
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Table 1 

Apparent Activation Energies fo r  Steam-Char Reaction 

Ea a t  10% 
Conversion Conversion 

Ea a t  50% 

Wyodak 
60OOC 182 kJ/mol 

775 "C 53 kJ/mol 
(43.6 kcal/mol) 

(12.8 kcal/mol ) 
Hanna 

600°C 143 kJ/mol 

775°C 89 kJ/mol 
(34.1 kcal/mol) 

(21.2 kcalmmol) 

235 kJ/mol 

109 kJ/mol 
(56.3 kcal /mol ) 

(26.1 kcal /mol ) 

156 kJ/mol 

110 kJ/mol 
(37.2 kcal/mol) 

(26.2 kcal /mol ) 

In F i g .  3, the temperature dependence of the  rate of reaction o f  steam with 
chars prepared from Hanna No. 1 coal i s  shown. The steam par t ia l  pressure was 
0.25 MPa (2.5 atm). The  temperature range was 600-775°C. The apparent ac t iva-  
t ion energies calculated from the curves f o r  Hanna coal a r e  a l so  l i s t e d  i n  Table 1. 
The lower values of Ea a t  higher temperatures f o r  the Hanna coal a r e  ind ica t ive  
of more severe micropore diffusion l imi ta t ions  with the  Hanna char than with the 
Wyodak coal. 

The Wyodak char pyrolyzed under simulated UCG conditions has  a nitrogen BET 
surface area o f  approximately 1 d / g ,  and the surface area measured by carbon d i -  
oxide adsorption i s  approximately 450 rn2/gm. For the Hanna char,  the BET surface 
i s  0.2 d / g ,  and the CO2 surface area i s  approximately 550 m2/g. These data in- 
d ica te  tha t  f o r  both chars,  the pore s t ruc tu re  of the fresh char is l imited to  
extremely small micropores. The pore s t ruc tu re  of the Hanna char ,  as  indicated 
by CO2 surface areas,  i s  apparently even smaller on the  averaqe than i s  t h a t  f o r  
the Wyodak char, an observation cons is ten t  with var ia t ions  encountered in  Ea f o r  
the  steam-char reaction of each of these two chars.  The micropores a r e  apparent- 
l y  not accessible to  the reactant steam, and must be opened appreciably t o  a t t a i n  
maximum reaction r a t e s .  

Wyodak chars prepared by pyrolysis a t  3"C/min in e i t h e r  nitrogen or 20% H2 
i n  nitrogen were gasified a t  700°C with steam a t  par t ia l  pressures of 0.12-0.65 
MPa (1.2-6.5 atm). 
steam par t ia l  pressure in Fig. 4. A t  lower pa r t i a l  pressures of steam, the 
curve i s  nearly l i nea r ,  w i t h  a slope of approximately 0.85. 
a reaction order of 0.85 with respect t o  steam. A t  higher steam pa r t i a l  pres- 
sures ,  the reaction order decreases as indicated by the  f l a t t en ing  of the curve 
in F i g .  4. Since underground gas i f ica t ion  of coal would generally involve pa r -  
t i a l  pressures of steam a t  the lower end of t h i s  range, the  reaction order of 
0.85 i s  probably applicable f o r  use i n  the mathematical models proposed f o r  this 
process. 

Reaction r a t e  f o r  Wyodak char i s  plotted as  a function of 

This corresponds t o  
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Fig.  5 shows t h e  dependence of t h e  r e a c t i o n  r a t e  on t h e  p a r t i a l  pressure 
o f  steam f o r  Hanna char .  The r e a c t i o n  r a t e  i s  p l o t t e d  f o r  convers ions o f  10, 
30, and 50% o f  carbon, i n  t h e  range o f  0.1-0.27 MPa (1.07-2.7 atm) steam. I n  
t h e  case o f  t h e  Hanna char ,  a s e r i e s  o f  p a r e l l e l  s t r a i g h t  l i n e s  can be f i t t e d  
through t h e  p o i n t s  f o r  t h e  t h r e e  ex ten ts  o f  carbon convers ion.  The s lope  o f  
these s t r a i g h t  l i n e s  corresponds t o  a r e a c t i o n  o rde r  o f  0.56 w i t h  respec t  t o  
steam. Th is  va lue i s  cons ide rab le  lower  than t h a t  obta ined f o r  t he  Wyodak 
char--undoubtedly due t o  d i f f u s i o n  o f  steam being l i m i t e d  by t h e  f i n e r  pore 
s t r u c t u r e  o f  t h e  Hanna char .  

A l l  g a s i f i c a t i o n  runs desc r ibed  up t o  t h i s  p o i n t  were designed t o  main- 
t a i n  the  p a r t i a l  pressures o f  product  gases a t  values as low as poss ib le .  
runs w i t h  v e r y  h i g h  g a s i f i c a t i o n  r a t e s  ( e . g . ,  a t  h i g h  temperatures o r  h i g h  par-  
t i a l  pressures o f  steam)hydrogen l e v e l s  were 2-4 mol %. However, i n  the  major- 
i t y  o f  t he  runs, hydrogen con ten t  o f  t h e  p roduc t  was cons ide rab ly  l e s s  than  
1 mol %. 
product  hydrogen, a s e r i e s  o f  experiments was c a r r i e d  o u t  i n  which hydrogen 
was added t o  t h e  r e a c t a n t  steam. The range o f  hydrogen p a r t i a l  pressures i n -  
ves t i ga ted  i n c l u d e s  those  expected t o  be encountered i n  t h e  c u r r e n t  low-pres- 
sure underground f i e l d  t e s t s  ( ; . e . ,  up t o  approx imate ly  0.1 MPa (1 atm)). 

I n  F igs.  6 and 7 a r e  shown t h e  i n h i b i t i v e  e f f e c t s  o f  hydrogen a t  600 and 
700°C f o r  Wyodak char .  
drogen r e s u l t s  i n  a r a p i d  d e c l i n e  i n  r e a c t i o n  r a t e  as t h e  char  i s  consumed. 
A t  700" (F ig .  7) ,  t h i s  i n h i b i t i o n  i s  s u f f i c i e n t  t o  e l i m i n a t e  t h e  e f f e c t s  o f  
d i f f u s i o n  l i m i t a t i o n s  d u r i n g  t h e  e a r l y  stages o f  t h e  r e a c t i o n .  A t  y e t  h i g h e r  
temperatures, t h e  d i f f u s i o n  l i m i t a t i o n s  a r e  severe enough t h a t  they a re  ap- 
pa ren t  even i n  t h e  presence o f  0.75 atm hydrogen. A t  a l l  temperatures,the 
h ighe r  t h e  p a r t i a l  p ressu re  o f  hydrogen, t h e  e a r l i e r  i n  the  r e a c t i o n  t h a t  t h e  
r a p i d  decrease i n  t h e  r e a c t i o n  r a t e  occurs.  
b i t o r y  e f f e c t  a t  h i g h e r  temperatures and as t h e  e x t e n t  o f  g a s i f i c a t i o n  i n c r e a -  
ses. S i m i l a r  e f f e c t s  o f  hydrogen have been observed w i t h  t h e  Hanna coa l .  

2. Ca ta l ys i s  by Coal Ash 

t e n t  f o r  economical aboveground u t i l i z a t i o n .  Th is  ash would be expected t o  
have a c a t a l y t i c  e f f e c t  on g a s i f i c a t i o n  r e a c t i o n s  o c c u r r i n g  underground. The 
ash i n  Hanna coa l  has been found t o  c a t a l y z e  t h e  water  gas s h i f t  r e a c t i o n  and 
t h e  methanation r e a c t i o n  under t h e  c o n d i t i o n s  expected i n  UCG. 

periments was c a r r i e d  o u t  i n  which carbon monoxide and steam were reac ted  a t  
va r ious  temperatures ove r  a bed of char  prepared f rom Hanna coa l  i n  the  f o l l o w -  
i n g  manner. The char  was prepared by hea t ing  t o  a temperature o f  600°C a t  a 
hea t ing  r a t e  o f  3"C/min. T h i s  p y r o l y s i s  was c a r r i e d  o u t  i n  a reducing gas mix-  
t u r e  c o n s i s t i n g  o f  20% H2 i n  n i t rogen .  
p s i g ) .  The temperature was l i m i t e d  t o  600°C d u r i n g  p y r o l y s i s  i n  o rde r  t o  min- 
i m i z e  chemical changes t h a t  m igh t  occur  i n  t h e  m ine ra l  m a t t e r  o f  t he  coa l .  On 
t h e  o the r  hand, a t  600°C, most o f  t he  hydrocarbon decomposit ion would have oc- 
curred,  y i e l d i n g  a clean, r e l a t i v e l y  hydrocarbon- f ree char  t o  expose t o  t h e  
steam u t i l i z e d  f o r  t h e  r e a c t i o n  study. 

I n  

I n  o r d e r  t o  i n v e s t i g a t e  i n h i b i t i o n  o f  t h e  steam-char r e a c t i o n  by 

A t  600°C (F ig .  6 ) ,  i n h i b i t i o n  o f  t h e  r e a c t i o n  by hy- 

Hydrogen e x e r t s  a g r e a t e r  i n h i -  

Many c o a l s  which would be good candidates o f  UCG have t o o  h i g h  an ash con- 

To i n v e s t i g a t e  r e a c t i o n  4), t h e  wa te r  gas s h i f t  reac t i on ,  a s e r i e s  o f  ex- 

The o v e r a l l  pressure was0.76MPa (100 

I, 

II 
li 
1E 

r: 

112 



Fo l low ing  p y r o l y s i s ,  t h e  temperature was reduced t o  t h e  des i red  va lue  and 
0.13 MPa (1.33 atm) steam was in t roduced  t o  the r e a c t o r  a long w i t h 6 0  kPa(O.6 atm) 
carbon monoxide. The balance o f  t he  gas was n i t r o g e n ,  and the t o t a l  system pres- 
s u r e  was 0.76 MPa (7.6 atm). The con tac t  t ime o f  t h e  gas m i x t u r e  i n  t h e  cha r  bed 
ranged from 1.1 s a t  500°C t o  1.6 s a t  250°C. Fo l l ow ing  u t i l i z a t i o n  o f  t h e  f r e s h  
char ,  15% o f  t h e  carbon was s team-gasi f ied away a t  600°C and then t h e  s h i f t  r e -  
a c t i o n  was s tud ied  a t  t h e  lower  temperatures. The purpose o f  t h e  g a s i f i c a t i o n  
s t e p  was t o  expose more o f  t h e  m ine ra l  m a t t e r  a t  t h e  surface o f  t h e  cha r  p a r t i c l e s .  
A f t e r  t he  s h i f t  r e a c t i o n  r a t e s  were measured f o r  t h e  char from which 15% o f  t h e  
carbon had been removed, an a d d i t i o n a l  6% o f  t h e  cha r  was s team-gas i f i ed  and t h e  
s h i f t  r a t e s  were measured again. 

r e a c t i o n  over f r e s h  char  a r e  app rec iab l y  lower than f o r  t h e  p a r t i a l l y  g a s i f i e d  
char ,  b u t  t he re  i s  l i t t l e  d i f f e r e n c e  between t h e  r a t e s  obta ined a f t e r  15 and 
a f t e r  21% carbon removal. 
t i o n  of  temperature i s  compared w i t h  the  thennodynamic e q u i l i b r i u m  curve.  
an  apprec iab le amount of t h e  carbon has been g a s i f i e d  from the char, t h e  reac-  
t i o n  approaches thermodynamic equi  li b r i  um i n  t h e  temperature range o f  500 t o  
600°C. 
t a i n e d  i n  an e a r l i e r  g a s i f i c a t i o n  r u n  i n  which carbon monoxide was observed i n  
t h e  product  gas, p e r m i t t i n g  c a l c u l a t i o n  of an e q u i l i b r i u m  value.  
f i rms  t h a t  t h e  r e a c t i o n  i s  indeed a t  e q u i l i b r i u m  a t  650°C, f o r  a c o n t a c t  t ime  on 
t h e  o rde r  o f  one second. 

e r g i s t i c  e f f e c t  w i th  hydrogen f o r  t h e  p roduc t i on  o f  methane. 
o f  138 kPa (20 p s i g )  hydrogen and 0.33 MPa (3.3 atm) steam was passed over  Hanna 
cha r  and y i e l d e d  a methane concen t ra t i on  o f  300 p a r t s  per  m i l l i o n  (by volume). 
React ion a t  t h a t  p a r t i a l  pressure o f  hydrogen a lone  gave a methane c o n c e n t r a t i o n  
o f  o n l y  150 ppm. 
d i t i o n s ,  the hydrogen c o n t r i b u t e d  by t h e  steam-carbon r e a c t i o n  d i d  n o t  change 
t h e  p a r t i a l  pressure of hydrogen i n  t h e  r e a c t o r .  
MPa (5  atm) gave a f i v e - f o l d  i nc rease  i n  t h e  r a t e  o f  methane p roduc t i on .  

A probable mechanism f o r  t h i s  phenomenon i s  methanation o f  t h e  carbon mon- 
ox ide  produced by t h e  steam-carbon r e a c t i o n ,  w i t h  t h e  methanation ca ta l yzed  by 
t h e  minera l  m a t t e r  i n  t h e  c o a l .  The methanation o f  carbon monoxide b y  hydrogen 
has been found t o  occur  when o n l y  t h e  ash from Hanna coal  (formed by low-temper- 
a t u r e  ashing) i s  p laced i n  t h e  r e a c t o r  i n  t h e  temperature range o f  400 t o  700°C. 
I n s u f f i c i e n t  experiments have been c a r r i e d  o u t  t o  determine convers ion r a t e s  f o r  
t h i s  r e a c t i o n  q u a n t i t i t i v e l y .  

3. Brack ish Water E f f e c t s  

b rack i sh .  
cium p l u s  magnesium, 1100 mg/L carbonates, 400 mg/L su l fa te ,  40 mg/L c h l o r i d e ,  
and a pH of 8.5. There have been numerous r e p o r t s  i n  t h e  l i t e r a t u r e  t h a t  impreg- 
n a t i o n  o f  coal  w i t h  a l k a l i  o r  a l k a l i n e  e a r t h  c a t i o n s  sometimes enhances t h e  r a t e s  
o f  g a s i f i c a t i o n  r e a c t i o n s  w i t h  coa l .  
i n  UCG may i n  f a c t  enhance t h e  k i n e t i c s  o f  t h e  steam-char reac t i on .  

The r e s u l t s  o f  these s tud ies  a r e  shown i n  F ig .  8. The r a t e s  f o r  t h e  s h i f t  

I n  F ig .  8, t h e  e x t e n t  o f  t h e  s h i f t  r e a c t i o n  as a func-  
Once 

The p o i n t  p l o t t e d  f o r  Wyodak char  a t  650°C was c a l c u l a t e d  f rom da ta  ob- 

Th is  p o i n t  con- 

A t  expected UCG process ing c o n d i t i o n ,  steam has been found t o  e x h i b i t  a syn- 
A t  700°C, a m i x t u r e  

Since t h i s  experiment was c a r r i e d  o u t  under d i f f e r e n t i a l  con- 

I n t r o d u c t i o n  o f  steam a t  0.5 

The water  o c c u r r i n g  i n  the  a q u i f e r s i n  the Hanna, Wyoming, area i s  q u i t e  
A t y p i c a l  a n a l y s i s  i s  600 mg/L sodium, 7 mg/L potassium, 22 mg/L c a l -  

Hence t h e  i n e v i t a h l e  use o f  b r a c k i s h  wa te r  
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In a s e r i e s  of experiments t o  inves t iga te  t h i s  question, two aqueous solu- 
t ions  were prepared t o  simulate the brackish water cha rac t e r i s t i c  of t he  water 
found in the Hanna aqui fe rs .  One solution containing approximately the natur- 
a l  concentrations of contaminants was prepared using calcium chloride,  sodium 
su l f a t e ,  potassium carbonate and sodium bicarbonate. The second so lu t ion  con- 
tained about f i v e  times the  natural concentrations. 

A sample of Hanna No. 1 coal was crushed and washed w i t h  boil ing d i s t i l l e d  
water several times t o  remove any soluble s a l t s  already in  the coal.  A portion 
of t h i s  washed coal was gas i f ied  to  obtain a base-line reaction r a t e .  Ten grams 
of t h i s  washed coal was oven-dried and then impregnated w i t h  1.0 ml of the simu- 
la ted  brackish water so lu t ion .  The coal completely absorbed t h i s  so lu t ion ;  no 
excess l iqu id  drained o f f .  Likewise, a sample of the washed coal was d r i ed ,  then 
impregnated w i t h  the so lu t ion  having a fivefold concentration of contaminants. 
Each of these impregnated coal samples was then pyrolyzed and gas i f ied .  

Our standard gas i f i ca t ion  reaction conditions were used, ;.e., 700"C, 0.25 MPa 
(2.5 atm) steam a f t e r  pyrolysis had been car r ied  out i n  20% H2/8O% N2 w i t h  a hea t -  
ing r a t e  of 3"C/min t o  reaction temperature. 
marized i n  F i g .  9.  Impregnation of the washed coal w i t h  the simulated brackish 
water appears t o  enhance the r a t e  of reaction of steam with the char by ten t o  
f i f t een  percent. There was l i t t l e  apparent difference between the e f f ec t s  of 
t h e  standard concentration and the  five-fold concentration of contaminants. An 
enhancement of the reac t ion  r a t e  of th is  small magnitude may not be s ign i f i can t  
because of the very small samples of coal gas i f ied  i n  each run. Normal variations 
i n  the coal can give t h i s  much variance i n  a measured reaction r a t e .  
t h a t  the single-fold and the f ive- fo ld  concentrations show l i t t l e  difference a l so  
suggests t h a t  the observed enhancement may not be s ign i f icant .  

The r e su l t s  of these runs are  sum- 

The f a c t  

Brackish water would be expected t o  have minimal e f f ec t s  on the reaction ra te  
f o r  a coal having the cha rac t e r i s t i c s  of Hanna No. 1 .  The core sample of Hanna 
coal which we a r e  studying contains 17% ash, on an as-received basis.  
t h a t  the char remaining a f t e r  pyrolysis contains 32% ash. The amount of inorganic 
material added t o  a coal with t h i s  h i g h  an ash content--even by u s i n g  simulated 
brackish water having f i v e  times the normal concentration of contaminants--would 
be a ra ther  small percentage of the to t a l  inorganic matter i n  the  coa l .  Neverthe- 
l e s s ,  the poss ib i l i t y  exists t h a t  brackish water may have an e f f e c t  on the r a t e  
of reaction of steam w i t h  chars t h a t  have a lower ash content t h a n  does Hanna. 

CONCLUSIONS 

This means 

A t  high temperatures (700-750°C), the Wyodak char i s  50-100% more reac t ive  
with steam than is  Hanna char,  although a t  lower temperatures (600-650°C), the 
two have e s sen t i a l ly  equal r e a c t i v i t i e s  w i t h  steam. The lower apparent activa- 
t i on  energy observed f o r  the Hanna char ind ica tes  t h a t  its average pore s i ze  i s  
smaller than t h a t  of t h e  Wyodak char. The reaction order w i t h  respect t o  steam 
i s  greater f o r  the Wyodak char than f o r  the Hanna chars--undoubtedly a l so  be- 
cause of the d i f fe rences  i n  pore s t ruc ture .  

b i t i on  i s  grea te r  as  a grea te r  f rac t ion  of the  carbon is gas i f ied .  
Hydrogen severely inh ib i t s  the  reaction of steam with both chars. The inhi-  

114 

E 
I 



Minera l  ma t te r  ca ta l yzes  t h e  water  gas s h i f t  reac t i on ,  and thermodynamic 
e q u i l i b r i u m  i s  reached a t  approx imate ly  550°C. 
found t o  ca ta l yze  t h e  methanation reac t i ons ,  b u t  k i n e t i c  data have n o t  y e t  been 
determined f o r  these reac t i ons .  

The a l k a l i  and a l k a l i n e  e a r t h  ca t i ons  present  i n  b r a c k i s h  waters e x e r t  a 
minimal c a t a l y t i c  e f f e c t  on t h e  steam-char react ion--most  l i k e l y  because t h e  
h i g h  ash content  o f  t h e  coa l  a l ready  supp l i es  s u f f i c i e n t  c a t a l y s t  f o r  t h e  r e -  
ac t i on .  

The ash a lone  a l s o  has been 
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F i g .  6. Hydrogen I n h i b i t i o n  of t h e  Steam-Char Reaction. 
Wyodak Char, 600"C, 0.25 14Pa (2.5 atm) Steam 
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F i g .  9. Effect of Brackish Water on Steam/Char Gasification Rate. 
Hanna No. 1 Char, 700"C, 0.25 MPa (2.5 atm) Steam 
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